. (2017). Development of carbohydrate-based nano-microstructures loaded with fish oil by using electrohydrodynamic processing. Food Hydrocolloids, 69,[273][274][275][276][277][278][279][280][281][282][283][284][285] This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. which suggested that further optimization of the electrospraying solution is necessary. On the contrary, 20 pullulan solutions were optimized to work even at pilot-plant scale. In this case, in spite of the 21 prooxidant effect of pullulan in solution, oxidatively stable pullulan fibers (PV=12.3±0.9 meq O 2 /kg 22 and 15.5±5.1 ng/g of 1-penten-3-ol) were obtained when oil was incorporated as neat oil and when 23 producing batches during short time (30 or 10 min). This superior oxidative stability when compared 24 to fibers with emulsified oil is mainly attributed to a higher fish oil entrapment and to the location of 25 the oil in large bead-structures with a reduced specific surface area. These results indicated the 26
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Fish oil-loaded pullulan nanofibers
Fish oil-loaded dextran nanocapsules Fish oil rich in omega-3 PUFA
INTRODUCTION 30
Long chain omega-3 polyunsaturated fatty acids (omega-3 PUFA), specially eicosapentaenoic 31 (C20:5n-3, EPA) and docosahexaenoic (C22:6n-3, DHA) acids, provide numerous beneficial effects 32 on human health such as prevention of cardiovascular diseases, improvement of anti-inflammatory and 33 allergic responses and development of brain and eye retina (Shahidi, 2015) . As a consequence, the 34 demand of functional food and infant formulations enriched with these lipids, continues to increase in 35
North America and Europe, and it is expected to grow considerably in Asia through the next decade 36 (GOED, 2015) . However, omega-3 PUFA are highly susceptible to oxidation and has a low solubility 37 in most food systems, which limit their use as nutritionally beneficial lipids in food (Encina, Vergara, 38
Giménez, Oyarzún-Ampuero, & Robert, 2016). To overcome these drawbacks, encapsulation of 39 omega-3 PUFA is commonly carried out, which makes it possible to mask their unpleasant taste and 40 odor and to protect these highly unsaturated fatty acids against prooxidants (e.g. oxygen, light, free 41 radicals and metal ions) (Comunian & Favaro-Trindade, 2016) . 42
Electrohydrodynamic processing is an emerging encapsulation technique, which has been used to 43 obtain submicron encapsulates for both hydrophilic (bifidobacterium strain -López-Rubio, Sanchez, 
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obscuration of 12%. The refractive indices of sunflower oil (1.469) and water (1.330) were used as 156 particle and dispersant, respectively. Measurements were made in triplicate after production. 157
Oxidative stability 158
For lipid oxidation measurements, immediately after production, biopolymers solutions (15 wt.% 159 pullulan, 30 wt.% dextran70, 20 wt.% dextran500 and 30 wt.% WPC) containing emulsified fish oil 160 were stored in 100 mL brown bottles at 40 °C in the dark for 14 days. Each bottle contained 40 g of 161 solution. Emulsified fish oil (10 wt.% fish oil-in-water emulsion; stabilized with 1 wt.% WPI) was 162 also analyzed. Samples were taken at day 0, 4, 9 and 14 for analysis. 163
Determination of peroxide value and tocopherol content 164
Lipids were extracted from solutions according to Bligh and Dyer method using a reduced amount of 165 the chloroform/methanol (1:1, wt.%) solvent (Bligh & Dyer, 1959) . Two extractions were made from 166 each sample. Peroxide value was determined on lipid extracts using the colorimetric ferric-thiocyanate 167 method at 500 nm as described by Shantha and Decker (1994) . For tocopherol determination, lipid 168 extracts (1−2 g) were weighed off and evaporated under nitrogen and re-dissolved in heptane prior to 169 analysis according to AOCS (1998) . 170
Secondary oxidation products -Dynamic headspace GC-MS 171
Approximately 4 g of solutions and 30 mg internal standard (4-methyl-1-pentanol, 30 µg/g water) 172
were weighted out in a 100 mL purge bottle, to which 5 mL of distilled water and 1 mL antifoam 173 (Synperonic 800 µL/L water) were added. The bottle was heated to 45°C in a water bath while purging 174 with nitrogen (flow 150 mL/min, 30 min). Volatile secondary oxidation products were trapped on 175
Tenax GR tubes. The volatiles were desorbed again by heating (200°C) in an Automatic Thermal 176
Desorber (ATD-400, Perkin Elmer, Norwalk, CN), cryofocused on a cold trap (-30°C), released again 177 (220°C), and led to a gas chromatograph (HP 5890IIA, Hewlett Packard, Palo Alto, CA, USA; 178
Column: DB-1701, 30 m x 0.25 mm x 1.0 µm; J&W Scientific, CA, USA). The oven program had an 179 initial temperature of 45°C for 5 min, increasing with 1.5°C/min until 55°C, with 2.5°C/min untilM A N U S C R I P T
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90°C, and with 12.0°C/min until 220°C, where the temperature was kept for 4 min. The individual 181 compounds were analyzed by mass-spectrometry (HP 5972 mass-selective detector, Agilent 182
Technologies, USA; electron ionization mode, 70 eV; mass to charge ratio scan between 30 and 250). 183
Emulsified fish oil (10 wt.% oil-in-water emulsion, stabilized with 1 wt.% WPI) was also analyzed 184 following the same procedure. The individual compounds were identified by both MS-library searches 185 (Wiley 138 K, John Wiley and Sons, Hewlett-Packard) and by authentic external standard and 186 quantified through calibration curves. The external standards employed were 2-ethylfuran, 1-penten-3-187 one, 1-penten-3-ol, (E)-2-pentenal, hexanal, (E)-2-hexenal, (E,E)-2,4-heptadienal, (E,Z)-2,6-188 nonadienal and (E)-2-decenal (Sigma-Aldrich, Brøndby, Denmark). 189
Electrohydrodynamic process 190
In lab scale, the electrohydrodynamic process was carried out by adding the biopolymer solutions 191 containing the fish oil to a syringe which was placed in a syringe pump (New Era Pump Systems, Inc. (Fig. S1) . 200
Selected solutions were tested for production of NMS in pilot-plant scale. For that purpose, Fluidnatek 201 LE-100 (Bioinicia and Fluidnatedk®, Valencia, Spain) was employed. NMS were produced at room 202 temperature in batches during 10 min by using 24 needles with an inner diameter of 0.6 mm. Pullulan 203 solutions were processed at a flow rate of 5 mL/h by applying an electric field of 35 kV between the 204 needles and the collector, which were placed at 15 cm distance. In the case of dextran solutions, an 205 electric field of 42 kV was applied and the distance used between the needles and the collector was 10 206 M A N U S C R I P T
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cm. Different processing conditions were used in lab and pilot-plant scales since the pilot-plant scale 207 equipment allowed to apply a higher voltage when compared to the voltage source used in lab scale. 208
This allowed to obtain a stable Taylor cone (at least for pullulan solutions) at higher flowrates when 209 using the pilot-plant equipment, which is desirable to increase the productivity of the process. 210
Characterization of NMS 211
Morphology 212
The morphology of the NMS for the different biopolymers concentrations was investigated using Encapsulation efficiency (EE) of selected NMS was determined by measuring the non-entrapped fish 236 oil according to Moomand and Lim (2014) with some modifications. NMS (50 mg) were submerged 237 in heptane (10 mL) and gently shaken (100 rpm) for 15 min. The mixture was filtered and the 238 absorbance of the liquid was measured at 250 nm (UV-1800, Shimadzu, Japan). The amount of oil 239 present in the liquid was determined from a calibration curve (R 2 =0.99), prepared by dissolving 240 various quantities of fish oil in heptane. The EE was calculated as: 241
where A is the total theoretical amount of fish oil and B is the free amount of fish oil in the collection 243 solution. Measurements were carried out in triplicate. 244
The lipid distribution of selected NMS was investigated by cutting them under liquid nitrogen and 245 imaging their cross-sections with the FEI Helios dual beam scanning electron microscope, as 246 described above. Furthermore, wet-scanning tramission electron microscopy in environmental SEM 247 mode was also carried out using a FEI Quanta 200F FEG for selected NMS in order to determine the 248 lipid distribution in the ultrathin fibers. 249
Oxidative stability 250
After production, analyses of PV and secondary oxidation products of selected NMS were carried out. 251
Lipids were extracted from NMS according to Bligh and Dyer method and PV determined as 252 previously described. Secondary oxidation products were also measured as described above, using 100 253 mg of NMS in each bottle, which was purged with nitrogen (flow 240 mL/min, 30 min). The external 254 standards employed were 2-ethylfuran, 1-penten-3-one, 1-penten-3-ol, (E)-2-pentenal, hexanal, (E)-2 255 hexenal, (E,E)-2,4-heptadienal, octanal and nonanal (Sigma-Aldrich, Brøndby, Denmark). 256 M A N U S C R I P T
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Statistical analysis 257
Statgraphics Centurion XV (Statistical Graphics Corp., Rockville, MD, USA) was used for data 258 analysis. Data were expressed as mean ± standard deviation. Firstly, multiple sample comparison 259 analysis was performed to identify significant differences between samples. Secondly, mean values 260 were compared by using the Tukey's test. Differences between means were considered significant at p 261 < 0.05. 262
RESULTS AND DISCUSSION 263
Solutions properties and morphology of NMS 264
Solution properties such as viscosity, surface tension and conductivity, which are critical for the 265 success of electrohydrodynamic processing, are shown in Table 1 . These physical properties, which 266 are mainly dependent on the type of solvent, polymer molecular weight and concentration, affected the 267 morphology of the nano-microstructures obtained (Fig. 1) . A particularly important parameter is 268 viscosity, which can be used as an indication of the degree of polymer chain entanglements in the 269 solution (Weiss et al., 2012) . As expected, viscosity increased with increasing biopolymer 270 concentration for all solutions; for pullulan, dextran70, and dextran500 a considerable increase in 271 viscosity was observed when increasing the concentration from 5, 20 and 10 wt.% to 15, 40 and 30 272 wt.%, respectively (Table 1) . It should be noted that dextran500 solutions showed a considerably 273 higher viscosity when compared to dextran70 solutions at the same concentration, which is explained 274 by the higher molecular weight of dextran500. Looking at the morphology of the corresponding NMS, 275 it is evident that the increase in viscosity was associated with formation of fibers instead of capsules 276 (Fig. 1C, 1F, 1I ). This is in line with the results found by Stijnman wt.%), the fibers contained large amounts of beads (Fig. 1F, I ). The presence of beads was not due to 281 the surface tension of these solutions when compared to pullulan solution (15 wt.%) ( Table 1) . 282 M A N U S C R I P T
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Dextran500 and specially dextran70 solutions had lower surface tension than pullulan solutions, which 283 should have allowed the electric forces to overcome the surface tension to initiate the jet more easily 284 resulting in the formation of fiber with less beads defects (Chronakis, 2010). This was not observed, 285
suggesting that the formation of beaded fibers for dextran70 and dextran500 might be related to 286 differences in chain entanglements exhibited by these polymers when compared to pullulan (even at 287 similar values of viscosity). The decrease in surface tension for dextran70 solutions when increasing 288 concentration was remarkable, indicating emulsifying properties for this polymer. In terms of 289 conductivity, dextran500 solutions showed considerably higher values when compared to pullulan and 290 dextran70 (Table 1 ). This might be most likely to their different ash content: 1.0 wt.% for dextran500 291 and no more than 0.1 wt.% for dextran70 and pullulan (data on ash content were provided by the 292 suppliers). Conductive polymer solutions will favor the production of more uniform fibers due to an 293 increase of mutual charge repulsion within the jet leading to a further elongation of the jet 294 (Ramakrishna, 2005) . However, in highly conductive solutions, such as dextran500 solutions, the 295 effective repulsion force for stretching the fiber is reduced due to sliding of excess charge along the 296 surface of the polymer jet; this can lead to irregular electrospun materials (Lim, 2015) . 297 WPC exhibited poor NMS-forming properties, requiring high polymer concentration in order to have 298 sufficient chain entanglement (Table 1 ). Even though it was possible to form capsules from WPC ( dextran, both 70 and 500 kDa, led to the formation of spherical capsules at 20 wt.% concentration of 304 polymer ( Fig. 1D, H) . Similarly, capsules of dextran 70 kDa containing lycopene were also reported 305 by Pérez-Masiá et al. (2015) . Solution of 25 wt.% dextran70 also led to capsules, allowing an increase 306 in the production rate of NMS when compared to the 20 wt.% dextran70 solution. For dextran500, 307 capsules with fibril defects were observed at 20 wt.% due to its higher molecular weight which 308 favored more polymer chain interactions (Fig. 1H) .
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Droplet size distribution and oxidative stability of solutions 310
The distribution of the lipids in the biopolymer solutions has a great influence on the lipid entrapment 311 and distribution in the final NMS (García-Moreno et al., 2016). Moreover, it may affect the oxidative 312 stability of the solutions during storage due to differences in the surface area. Therefore, the effect of 313 blending the emulsified oil with the biopolymer solutions on the droplet size distribution was 314 evaluated. It was observed that the addition of pullulan and dextran70 did not modify the droplet size 315 distribution of the parent emulsion (D 3,2 =134±1 nm). On the other hand, dextran500 and WPC 316 solutions had significantly larger droplets when compared to the parent emulsion; with D 3,2 =270±1 nm 317 and D 3,2 =207±5 nm, respectively (see and dextran500, having the latter a higher effective volume. 325
The oxidative stability of biopolymer solutions containing emulsified fish oil was investigated in order 326 to determine the effect of each biopolymer on fish oil oxidation (e.g. anti-or prooxidant). Fig. 2 shows 327 the content of primary oxidation products (e.g. hydroperoxides) in biopolymer solutions during 328 storage. A lag phase of four days was observed for the emulsion without any biopolymer (control), 329 followed by a significant increase in PV during the rest of the storage period (up to 7.6±0.1 meqO 2 /kg 330 oil at day 14). Dextran70 and WPC exhibited an antioxidant effect (PV<5 meqO 2 /kg oil), with 331 dextran70 solution resulting in a longer lag phase (9 days) and WPC solution maintaining the initial 332 low PV. On the contrary, pullulan and dextran500 solutions did not show any lag phase and both 333 polysaccharides thus exhibited a prooxidant effect on lipid oxidation (Fig. 2) . These results correlated 334 well with the α-tocopherol content of the solutions after storage. Thus, dextran70 and WPC solutions 335 had a lower consumption of this endogenous antioxidant when compared to pullulan and dextran500 Fig. S3 of the Supplementary Material). Likewise, pullulan solutions had the highest content of 337 secondary oxidation products (Fig. 3a-d) , followed by dextran500 solutions when considering 2-338 ethylfuran and (E,E)-2,4-heptadienal volatiles (Fig. 3a, d ). Dextran70 and WPC solutions had a lower 339 content of volatiles than pullulan and dextran500 solutions, apart from 1-penten-3-ol and (E)-2-340 hexenal where dextran70 and WPC solutions were the second most oxidized, respectively (Fig. 3) . 341
The low lipid oxidation observed for solutions containing WPC is explained by the recognized 342 antioxidant properties of whey protein such as chelation of transition metals by lactoferrin and free 343 radicals scavenging by amino acids containing sulfhydryl groups (e.g. cysteine) (Tong, Sasaki, 344 McClements, & Decker, 2000). The protection effect of dextran70, which was not observed for 345 dextran500, may be related to the differences observed in the droplet size distribution of the solutions. 346 Dextran500 solution showed flocculation and/or coalescence, which may change the interface and 347 thereby making the oil more accessible to prooxidants. Moreover, the surface activity of dextran70 348 (Table 1) (Table 1) , 356 which could have led to an interface with improved properties. The absence of these properties, 357 together with the fact that pullulan had a higher content of metals (130 ppm), which catalyze lipid 358 oxidation, when compared to WPC and dextran70 (< 2 ppm) might be the reason for the lower 359 oxidative stability of pullulan solutions (data on heavy metals content were provided by the suppliers).
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Characterization of selected NMS: emulsified vs. neat oil 361
As a consequence of the satisfactory results obtained on the morphology of the NMS and on the 362 droplet size distribution of the biopolymers solutions, 15 wt.% pullulan and 25 wt.% dextran70 363 solutions were chosen for fiber-and particle-based lipid encapsulation, respectively. Moreover, the 364 protective effect of dextran70 against lipid oxidation in solution supported this selection. Although 365 pullulan exhibited a prooxidant effect in solution, it may protect the oil when obtaining dried 366
encapsulates (e.g. fibers) due to its inherent properties as a barrier for oxygen (Bakry et al., 2016) . 367
Nonetheless, it is worth mentioning that, due to the high solubility of pullulan in water which 368 negatively affects to its oxygen barrier properties, pullulan fibers containing fish oil should only be 369 considered to be used as omega-3 delivery systems in dry food products. Contrary to the properties of 370 electrosprayed nano-microcapsules, the dimensional and morphological nature of electrospun nano-371 microfibers (e.g. continuous in length) has limited their application in food, except for their use in 372 bioactive packaging strategies (Lopes da Silva, 2012). Therefore, further research is needed to explore 373 the encapsulating potential of electrospun fibers in food and one interesting possibility could be their 374 incorporation into multi-layered food systems. For instance, fish oil-loaded pullulan fibers may be 375 successfully incorporated in multi-layered granola bars, but this requires further evaluation. 376
Morphology 377
The three types of pullulan nano-microfibers produced at lab scale presentend circular cross-sections, 378 which were filled up either with pullulan and/or fish oil (Fig. 4-c) . Nevertheless, differences in 379 morphology were observed for pullulan fibers containing emulsified oil compared to fibers with neat 380 oil and control pullulan fibers (with no added oil). Fibers containing neat oil presented the largest 381 diameter (75 % of fibers with diameter between 800 and 1100 nm), followed by fibers with emulsified 382 oil (83 % of fibers with diameter between 600 and 800 nm) and control fibers (80 % of fibers with 383 diameter between 500 and 700 nm) (Fig. 4d) . The larger diameter of the fibers containing fish oil 384 compared to the control ones can be explained by an increase in solution viscosity due to the addition 385 
PVA and zein fibers, respectively. Nevertheless, these authors obtained fibers with smaller diameters; 389 95% of PVA fibers were between 100-150 nm and 90 % of zein fibers were between 100-400 nm. For 390 fibers containing neat oil, the supplementary addition of Tween20, which led to an increase in the lipid 391 content (up to 12 wt.%), might be responsible for the larger diameter of this type of fibers when 392 compared to fibers containing emulsified oil. Moreover, fibers with neat oil exhibited the poorest 393 thickness uniformity since they had the broadest diameter distribution (Fig. 4d) and the largest 394 standard deviation from the fiber average diameter (Fig. 4e) . In addition, fibers with emulsified oil 395 presented aproximately 14 times less bead-defects than fibers with neat oil (47 beads/14,612 µm 2 396 versus 100 beads/2,281µm
2 ). It has to be mentioned that these are relative numbers as they represent 397 the visualized areas which are prone to have artefacts caused by sample inhomogeneity and/or sample 398 preparation (e.g. transfer and cutting). In any case, the size of the beads for fibers with neat oil were 399 considerably larger (Fig. 4f) . This cannot be attributed to differences in viscosity, since both solutions 400 (Fig. 5a), with emulsified (Fig. 5b) and neat oil (Fig. 5c) . In general, the particles obtained were 420 almost spheres with an opened part such as a toroid shape (marked by arrows in Fig. 5 ). They also 421 presented a broad size distribution including both small (<300 nm) and large (>1000 nm) capsules. that dextran capsules containing neat oil had a broader size distribution with larger diameters (>3000 426 nm) than dextran particles with emulsified oil (Fig. 5d ). This may be attributed to differences in the 427 droplet size distribution of the dextran solutions containing emulsified (fine emulsion) or neat oil 428 (coarse emulsion). This is in agreement with the findings of Gómez-Mascaraque and López-Rubio 429 (2016) who reported that the emulsification process, which determines the size of the oil droplets, had 430 an important influence on the size of the electrosprayed capsules. These authors observed that capsules 431 with a lower diameter were obtained when employing an intense homogenization process (e.g. Ultra-432
Turrax followed by ultrasounds), which resulted in smaller oil droplets when compared to the use of a 433 less intense emulsification treatment (e.g. only Ultra-Turrax). Similar morphologies, than the ones 434 previously described, were found for dextran capsules produced at pilot-plant scale ( 
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Lipid encapsulation and distribution 441
To verify that fish oil was not completely degraded durin the electrohydrodynamic processing, FTIR 442 analysis was carried out. For that purpose, the characteristic bands of fish oil not overlapping with the 443 infrared bands of the encapsulating biopolymers (e.g. pullulan and dextran) were identified. Fig. 6  444 shows ATR-FTIR spectra of fish oil, control NMS without fish oil (e.g. only biopolymer and Tween 445 20), and NMS with emulsified or neat oil. It was found that many of the characteristic bands of fish oil 446 overlapped with infrared bands of pullulan, dextran or both; which did not allow to identify potential 447 interactions between the polymers and the oil. Nevertheless, the following differences (marked by 448 arrows in Fig. 6a-b) were similar for both pullulan fibers with emulsified and neat oil (Fig. 6a ), but differences were 457 observed between the dextran capsules (Fig. 6b) . Dextran capsules with neat oil showed a lower 458 intensity for the two bands, indicating that less oil was incorporated or that the oil was degraded 459 during the process. The decreased oil content could be due to an observed phase separation for the 460 dextran solution containing neat oil during the electrospraying process, further commented below. 461
The methodology selected to incorporate the fish oil to the polymer solution had a statistically 462 significant influence on the EE values obtained. For both types of biopolymers (pullulan and dextran), 463 incorporating the oil as emulsified oil led to lower values of EE (69.1±0.2 and 68.3±0.3 %, 464 respectively) when compared to the EE obtained when adding neat oil (89.6±0.7 and 75.5±0.9, 465 respectively). It is of great importance to obtain high EE values when working with omega-3 PUFA, 466 since the encapsulation affects the exposure of the bioactive compound to prooxidants (e.g. oxygen,
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light, free radicals, metal ions), both during storage of the NMS and when incorporated into food 468 systems. Apart from the EE value of pullulan fibers containing neat oil, the EE values obtained in this 469 study are considerably lower than those reported by Moomand and Lim (2014) for zein fibers loaded 470 with fish oil (91.2±1.1 %). The presence of surface oil was also supported by the wet-STEM in E-471 SEM image shown in Fig. 7a . For pullulan fibers, both encapsulated and non-entrapped oil droplets 472 could be differentiated (blue and red arrows in Fig. 7a, respectively) . Small particles sitting on the 473 fibers, which could indicate the presence of surface oil, were also observed in the cryo-SEM images of 474 the fibers (marked by white arrows in Fig. 4b-c) . These small features in the surface of the fibers were 475 more abundant in fibers containing emulsified than neat oil; which correlated well with the EE values. 476
This might be related to the fact that in fibers with neat oil the lipids were mostly located in beads, 477 which minimized the specific surface area and thereby reducing the interactions with the solvent used 478 to extract the surface oil in the analysis. For dextran particles, Fig. 7b shows a capsule with a dense 479 core and small darker circles (marked with blue arrows) which are attributed to the presence of either 480 small dextran particles or oil droplets sitting inside the capsules. These areas with higher constrast 481 appear blurred in all our micrographs indicating that these small dextran particles or oil droplets are 482 placed in the interior of the dextran capsule. Staining the NMS with OsO 4 was not selective for the 483 lipids, and therefore did not help locating the presence of encapsulated or surface oil in neither dextran 484 particles nor pullulan fibers (see Fig. S6 of the Supplementary Material). 485 Table 2 shows the content of hydroperoxides and selected secondary oxidation products (e.g. 1-487 penten-3-ol, hexanal and nonanal) of pullulan fibers and dextran particles right after their production. 488
Oxidative stability 486
For pullulan fibers, the methodology used to add the oil to the electrospinning solution (emulsified or 489 neat) had a great influence on the oxidative status of the fibers. In lab scale, it was found that fibers 490 containing neat fish oil presented a significantly lower PV than fibers with emulsified oil when 491 running batches of 120 and 30 min. The same trend was found for the content of the fibers in 1-492 penten-3-ol, a volatile product derived from the oxidation of omega-3 fatty acids. This correlated well 493 with the lower EE values obtained for fibers with emulsified oil, implying more surface oil which is 494 M A N U S C R I P T
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unprotected against prooxidants. These results are in accordance with the higher oxidative stability 495 obtained for zein fibers loaded with fish oil when increasing fish oil entrapment from 91.2 to 95.9 % 496 (Moomand & Lim, 2014) . Furthermore, the larger beaded structures present in the fibers with neat oil, 497 where the oil is mainly located, may have led to a greater protection of fish oil against oxidation than 498 in fibers with emulsified oil presenting smaller droplets which increases the specific surface area. 499
Similarly, Moomand and Lim (2014) reported a higher oxidative stability for isopropanol-based zein 500 fibers, having large beads, when compared to beadless ethanol fibers due to its smaller surface-to-501 volume ratio. Besides, incorporating the oil as neat oil avoided lipid oxidation happening during the 502 homogenization process required to produce the emulsified oil (Serfert, Drusch, & Schwarz, 2009) . 503
Additionally, decreasing the duration of the production batch from 120 to 30 min, which reduces the 504 exposure of the surface oil, decreased significantly the PV of fibers both with emulsified and neat oil 505 and the content of 1-penten-3-ol for fibers with emulsified oil (Table 2) . Likewise, fiber production at 506 pilot-plant scale, which implied shorter batches (10 min), led to significantly less oxidation of fibers 507 with emulsified oil when compared to production at lab scale; whereas no significant differences were 508 found for fibers with neat oil in terms of PV and volatiles. Therefore, pullulan fibers containing neat 509 oil and produced at lab scale in batches of 30 min exhibited the lowest oxidation after production, with 510 the lowest PV (12.3±0.9 meq O 2 /kg) and the lowest content of 1-penten-3-ol (15.5±5.1 ng/g). 511
Nonetheless, it is worth mentioning that pullulan fibers evaluated in this study had a high content of 512 other volatiles such as hexanal and nonanal, which are derived from oxidation of omega-6 and omega-513 9 fatty acids, respectively. Although the concentration of these volatiles increased with the duration of 514 the production time, they were also present in the control sample (only containing pullulan and 515 Tween20). This indicated that they were already present in the biopolymer or they were obtained as 516 consequence of degradation of pullulan, as concluded from the volatiles analysis of pullulan fibers not 517 containing Tween20 (unpublished data). In any case, these results denoted a superior oxidative 518 stability of pullulan fibers containing neat oil when compared to other fibers produced using other 519 polymers such as PVA (García-Moreno et al., 2016). 520 M A N U S C R I P T
Electrosprayed dextran capsules containing emulsified oil showed a low oxidative stability (PV>40 521 meq O 2 /kg) after production both in lab and pilot-plant scales (Table 2 ). This might be attributed to the 522 opened-part of the capsules which could allow the leaking of oil from the dextran matrix and it may 523 also be attributed to the presence of surface oil. Even though the duration of the batch production was 524 reduced from 120 to 10 min, production in pilot-plant scale led to a higher content of PV and volatiles 525 when compared to lab scale. This is explained by the presence of droplets in the collector, as a 526 consequence of the lack of optimization of the solution for working in the vertical configuration of the 527 pilot-plant equipment. Contrary to pullulan fibers, the addition of neat fish oil instead of emulsified 528 did not enhance lipid protection. Although the volatiles content was reduced when working in lab 529 scale with a horizontal configuration, a high PV (>40 meq O 2 /kg) with a large standard deviation was 530 still obtained. This may be due to the fact that the solution was not stable during the electrospraying 531 process, experiencing phase separation which led to capsules with not homogenous composition (lipid 532 content of 7.7±3.4 wt.% instead of the theoretical 12.0 wt.%). In pilot-plant scale, a significantly lower 533 PV (21.2±9.5 meq O 2 /kg) was obtained for capsules with neat oil when compared to capsules with 534 emulsified oil. However, the phase separation of the dextran solution contained neat oil was even more 535 severe in pilot-plant scale, probably due to the long tube connecting the syringe and the needles and to 536 the vertical configuration, leading to capsules with a lipid content of 2.1±0.2 wt.%. These results 537 indicated that future studies are required in order to: i) produce physically stable dextran solutions 538 containing neat fish oil (e.g. using Ultraturrax and/or high pressure homogenizers), and ii) optimize 539 solutions composition and electrospraying processing variables (flowrate, voltage and distance) which 540 allow to only obtain fine particles in the collector (e.g. no droplets). Similarly to our results, Gómez-541
Mascaraque and López-Rubio (2016) reported a low protection of α-linolenic acid when encapsulated 542 in gelatin capsules by electrospraying, even when capsules with an appropriate morphology were 543 obtained.
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CONCLUSIONS 545
Carbohydrate-based NMS containing fish oil were successfully obtained by using pullulan and 546 dextran. Pullulan (15 wt.%) and dextran 70 kDa (25 wt.%) solutions presented adequate properties to 547 allow the formation by electrohydrodyanmic processing of nano-microfibers and nano-microcapsules, 548 respectively. Dextran particles showed a low oxidative stability both when adding the oil as emulsified 549 or neat oil in lab and pilot-plant scale. The low oxidative stability may be attributed to a poor 550 interaction between the polymer and the fish oil which led to phase separation of the electrospraying 551 solution, capsules with an opened-part and oil on the surface. On the other hand, pullulan fibers with 552 neat oil produced in small batches (30 or 10 min at lab or pilot-plant scale, respectively) exhibited a 553 superior oxidative stability after production, compared to fibers containing emulsified oil. The 554 superior oxidative stability of fibers with neat oil was most likely due to a high EE (89.6±0.7), due to 555 the location of fish oil in bead-structures which implied a lower specific surface area, and due to the • Figure 2 . Peroxide value during storage of biopolymers solutions (15 wt.% pullulan, 30 wt.% dextran70, 20 wt.% dextran500, 30 wt.% WPC) containing fish oil. Emulsion was evaluated as a control.
• Figure 3 . Volatiles content during storage of biopolymers solutions (15 wt.% pullulan, 30 wt.% dextran70, 20 wt.% dextran500, 30 wt.% WPC) containing fish oil. Emulsion was evaluated as a control.
• Figure 4 . Morphology and diameter distribution of pullulan fibers produced at lab scale: a) control, b) emulsified, c) neat, d) fiber average diameter distribution, e) standard deviation from average diameter, and f) bead diameter distribution.
• Figure 5 . Morphology of dextran capsules produced at lab scale: a) control, b) emulsified, and c) neat, and d) diameter distribution.
• Figure 6 . AFTR-FITR spectra of NMS produced at pilot-plant scale: a) pullulan fibers, and b) dextran capsules.
• Figure 7 . Wet-STEM in E-SEM image of NMS containing neat oil: a) pullulan fibers, and b) dextran capsules.
• Table 1 . Solution properties of biopolymer solutions containing emulsified fish oil.
• Table 2 . Content of primary and secondary oxidation products of selected NMS after production. The standard deviation from fiber average diameter was calculated by measuring each fiber at 10 different points. A total of one hundred random fibers were measured for this purpose. 
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
Highlights
• Fish oil-loaded nanofibers were produced by electrospinning using pullulan
• Fish oil-loaded capsules were obtained by electrospraying using dextran
• Opened dextran-capsules with poor oxidative stability were obtained
• Oxidatively stable pullulan fibers were produced using neat oil and short batches
• These pullulan nanofibers entrapped the oil efficiently in large bead-structures
